genetically as regulators of an early step in sporulation (Mysliwiec et al., 1991; Ireton et al., 1994) . In the absence of Spo0J, Soj prevents the activation of the sporulation transcription factor Spo0A (Ireton et al., 1994) . The activation of Spo0A is regulated by both nutritional cues as well as the initiation of DNA replication. This raises the intriguing possibility that these gene products may function in a developmental checkpoint that links chromosome partitioning to the initiation of sporulation. In B. subtilis, experimental evidence has demonstrated that soj and spo0J play a role in the partitioning of chromosomes during both vegetative growth and sporulation (Ireton et al., 1994; Sharpe and Errington, 1996) . For example, mutants deficient in spo0J show a mild chromosome partitioning defect, generating about 3% anucleate cells during vegetative growth (Ireton et al., 1994) .
In order to determine the role of parA and parB in the process of chromosomal partitioning, we have cloned their cellular homologs from the developmental bacterium Caulobacter crescentus. C. crescentus is an ideal show that purified ParB binds specifically to DNA separAB coding DNA to a pulse field gel of digested chromosomal quences downstream of the parAB operon, which is DNA. As in Pseudomonas putida (Ogasawara and Yoshokawa, 1992) located within 80 kbp of the origin of replication. Cell and Bacillus subtilis (Mysliwiec et al., 1991) , the C. crescentus homologs of parAB lie adjacent to the origin of replication (ORI). Immedicycle immunolocalization experiments show that the ately downstream of the parAB coding region is a noncoding DNA subcellular distribution of ParB changes during the cell sequence, parS, which functions as a ParB binding site. H, HindIII; cycle exhibiting a periodic bipolar localization pattern R, EcoR1; X, XhoI. in late predivisional cells following the completion of (B) DNA sequence of the parS region. Underlined is the relatively DNA replication. ParA is also found concentrated at both AϩT-rich region (49% AϩT) that may serve as a ParB binding site.
poles of the predivisional cell. To examine whether the correct temporal and spatial distribution of ParA and were subcloned into the suicide plasmid pJM21 (Alley ParB was required for chromosome partitioning, we inet al., 1993) and introduced in C. crescentus by conjugaduced the mislocalization of these proteins by increastion. Transconjugants that were kanamycin resistant ing their cellular concentrations. Under these condicontained an integrated plasmid that disrupted the codtions, the cells exhibited a relatively severe DNA ing sequence of either parA or parB. We were unable partitioning defect. Therefore, ParA and ParB may functo obtain null mutations within the parAB operon by this tion as components of a mitotic-like apparatus in bactemethod unless another wild-type copy of either parA or rial cells.
parB was present on a plasmid containing the HindIIIEcoRI fragment ( Figure 1A ) or at another location on the genome, indicating that these two genes are required Results and Discussion for cell viability. In order to ensure that integrations in the parA coding sequence were not polar on parB, we In C. crescentus, parA and parB map to a region that is within 80 kbp of the origin of replication and, as in also constructed a strain that contained the parB coding sequence in trans on a plasmid or at another location plasmids and other organisms, are organized in an operon (Figure 1 ). Immediately downstream of the coding in the genome (xyl operon). In both cases we were unable to obtain disruptions in the parA, indicating that parA sequence is a relatively AϩT-rich stretch of DNA (49% AϩT within 200 bp) that could serve as a ParB binding is an essential gene and that integrations at the parA locus do not have downstream polar effects. site. Aside from the AϩT content, this region does not exhibit similarity to the well-defined ParB binding sites present in low copy number plasmids. The predicted ParB Binds to DNA Sequences near the Origin of Replication amino acid sequence of parA is 50% identical to soj of B. subtilis and 15% to 21% identical to the parA homoIn plasmids, the binding of ParB to parS DNA sequences 3Ј to the parAB operon is essential for efficient partilogs of plasmids ( Figure 2A) . parB is predicted to share 45% identity with spo0J and 20% to 25% identity with tioning. We wished to test whether C. crescentus ParB functions in a similar fashion. To accomplish this, we its plasmid homologs ( Figure 2B ). Unlike soj and spo0J in B. subtilis, both parA and parB are essential genes performed a gel mobility shift experiment using purified ParB and a 420 bp labeled XhoI fragment (Figure 1 ) that in C. crescentus. To test whether parA or parB is essential, we attempted to create null mutations by integrating contained the AϩT-rich DNA sequences immediately downstream of the parB coding region. ParB formed an internal DNA fragment of each gene by homologous recombination. Internal fragments (400 bp) of the coding a concentration-dependent, specific gel shift complex with DNA downstream of the parAB operon that could region of each gene were isolated using PCR. These not be competed away with nonspecific DNA (Figure case, labeled fliF and parS DNA were incubated together with purified ParB. We assayed binding by quantitating 3A). Since these sequences are relatively AϩT-rich, we tested whether ParB could bind to other AϩT-rich sethe amount of unbound probe remaining following incubation with ParB. ParB bound preferentially to the laquences by performing a gel mobility shift assay using a 280 bp DNA fragment that contained the fliF operon beled parS DNA fragment. Approximately 90% of the parS DNA was bound by ParB compared to 5% of the promoter. This region possesses an AϩT content that is comparable to the parS region. In this assay, we delabeled fliF DNA fragment. These experiments indicate that ParB binds to the parS region downstream of the tected weak binding of purified ParB to the fliF promoter fragment ( Figure 3B ). At the highest concentration of parAB operon. Furthermore, ParB is capable of binding weakly to a DNA fragment that contains AϩT-rich seParB used, approximately six times less labeled fliF DNA was bound compared to parS DNA. In another experiquences, raising the possibility that, in addition to parS, there may exist other possible ParB binding sites within ment, we tested whether fliF DNA could compete with ParB binding to the parS fragment ( Figure 3C ). In this the C. crescentus genome. containing a parA-lacZ fusion were synchronized and permitted to Various concentrations of purified his-tagged ParB were incubated progress through the cell cycle. At 0, 30, 60, 90, 120, and 150 min, with a 420 bp, end-labeled, XhoI parS DNA fragment ( Figure 1B ) in a portion of the culture was removed and proteins were pulsethe presence of both single stranded (1.8 g/l) and doublelabeled with 35 S-trans label. Labeled ␤-galactosidase was immunostranded competitor DNA (0.3 g/l) (see Experimental Procedures), precipitated and subjected to electrophoresis. Indicated are the cell the reaction mixture was subjected to electrophoresis, and the dried types present at each time point as assayed by light microscopy. gel exposed to X-ray film. Cell Cycle Expression of parA and parB two distinct progeny cells. We synchronized C. crescentus by isolating pure populations of swarmer progeny cells and permitting them to progress through the Biochemical experiments using the plasmid homologs of ParA and ParB have shown that these two proteins cell cycle. To test whether transcription of the parAB operon was expressed under cell cycle control, a parAinteract with each other (Davis et al., 1992) . One possibility is that ParA and ParB form a complex at the parS lacZ fusion was introduced. The cells were synchronized; at various times thereafter an aliquot was sequence that functions in partitioning. To test this idea we examined whether purified ParA could supershift the removed and pulse-labeled with 35 S-trans label, and labeled ␤-galactosidase was immunoprecipitated. The ParB-parS complex. We were however unable to detect a ParA-ParB-parS complex using this assay. Furtherexpression of this fusion was under cell cycle control, with relatively low levels of expression in swarmer cells more, the addition of ATP or ADP did not stimulate the formation of a ParA-ParB complex. These results and newly formed stalked cells. Expression peaked in late predivisional cells and then declined after cell diviindicate that ParB may, by itself, function by binding to a region of the genome adjacent to the origin of sion ( Figure 4A ). Using immunoblot on cell extracts obtained from synchronized populations, we then deterreplication. Alternatively, ParA and ParB may form a complex in vivo only when in association with another mined the levels of ParA and ParB during the cell cycle. Interestingly, although transcription was under cell cycle cellular component. control, the levels of both ParA and ParB did not change
ParA and/or ParB may therefore exist at distinct cellular locations during different periods of the cell cycle. In appreciably during the course of the cell cycle ( Figure  4B ), suggesting that a critical cellular concentration of one simple model, we envision that movement of ParA and ParB parallels that of the newly replicated chromoboth proteins must be maintained (see section below). Interestingly, the ParB immunoblot exhibited several somes. To test for subcellular localization of ParB during the cell cycle, we performed immunofluorescence mispecies with differing mobilities indicating that it may be subject to covalent modification. The relative abuncroscopy on synchronized cell populations with antiParB antibody ( Figure 5 ). ParB antibody complexes were dance of these forms, however, did change during the cell cycle ( Figure 4B ). visualized using a secondary antibody conjugated to fluorescein isothiocyanate ( Figures 5A-5D ). In swarmer cells (t ϭ 0 min) where DNA replication does not occur, Subcellular Distribution of ParA and ParB during the Cell Cycle
ParB was for the most part distributed throughout the cell, although a minority of cells showed some localiza-DNA partitioning in bacteria involves the movement of newly replicated chromosomes toward the cell poles.
tion at the midcell or at a pole ( Figures 5A and 2E ). At this time point, 20% of the cells exhibited localization Although we were unable to detect the interaction of ParA and ParB using a DNA binding assay, experiments of ParB at the midcell and 9% at a single pole (Table  1) . Localization was not observed in the remaining 71% with purified ParA from bacteriophage P1 have demonstrated that it possesses a weak ATPase activity that can of the population. In stalked cells, following the initiation of DNA replication (t ϭ 60 min), a similar pattern of ParB be stimulated in the presence of purified ParB, indicating that these two proteins probably interact with each other localization was observed ( Figure 5B ). The majority of cells exhibited no localization (83%) and, in a minor in vivo (Davis et al., 1992) . If this is also true of the C. crescentus homologs, we expect that ParA would also fraction, ParB was concentrated at the midcell (7%) or the pole (10%) ( Table 1) . As DNA replication proceeds, be localized in a cell cycle-dependent fashion. To test this idea, the subcellular distribution of the epitopeParB begins to concentrate at one pole of the predivisional cell ( Figure 5C ); chromosomal DNA replication is tagged ParA (ParA-M2) was assayed by immunofluorescence microscopy on an unsynchronized population of approximately half completed in the cells depicted in this panel (t ϭ 90 min). The majority of the cells that cells ( Figure 5G ). ParA-M2 was concentrated at both poles of larger predivisional cells, whereas smaller contained localized ParB exhibited localization at one pole (36%) ( Table 1) , whereas 15% exhibited localization swarmer cells exhibited a diffuse staining pattern. This suggests that the subcellular distribution of ParA, like at both poles. Finally, in late predivisional cells (120 min), following the completion of DNA replication, the majority ParB, varies during the course of the cell cycle. Chromosome movement following DNA replication of cells that exhibited localization had ParB distributed to both poles of the predivisional cell (43%) (Figures 5D could serve to deliver ParA and ParB bound to DNA toward the poles of the cell. Thus, the polar localization and 5F). In contrast to early predivisional cells ( Figure  5C ), only 16% of these late predivisional cells contained of ParA and ParB should be dependent on DNA replication. To test whether DNA replication was required for ParB concentrated at a single pole. We also performed a similar experiment using biotinylated secondary antiParB localization, we determined the subcellular distribution of ParB in an unsynchronized population of cells body in conjunction with streptavidin-Texas red in order to visualize ParB ( Figures 5E and 5F ). Identical results that had been treated with the DNA replication inhibitor hydroxyurea ( Figure 5H ). Hydroxyurea treatment rewere obtained using this fluorochrome; in swarmer cells (t ϭ 0), very few cells exhibited ParB localization (6% sulted in the formation of elongated cells, with a high proportion containing a single concentrated region of midcell, 3% single pole) ( Figure 2E ), whereas in late predivisional cells, ParB appeared to be concentrated ParB localization at the midcell rather than the usual polar or bipolar pattern. This suggests that polar localto both poles in a significant fraction of cells (51% bipolar, 26% single pole) ( Figure 5F ). Immunofluorescence ization of ParB during the cell cycle is dependent on DNA replication and subsequent movement of the chromicrscopy performed on control cells containing a cytoplasmic gyrB-lacZ fusion did not exhibit localization mosomes. ParA and ParB may be active participants in this process or simply passively localized by chromo- (Figures 5I and 5J) .
In summary, these experiments demonstrate that the some movement. subcellular distribution of ParB changes periodically during the cell division cycle (Table 1) with a xylose-inducible promoter (Meisenzahl et al., 1997) . We reasoned that this would effectively increase Based on previous measurements of the rate of replication (Dingwall and Shapiro, 1989), we estimate that apthe amount of ParA or ParB in the cell that is not localized to the poles. To test whether this occurred, we deterproximately 60% of the genome is replicated by this time in the cell cycle. After replication is essentially commined the localization of ParB in cells that overexpressed either ParA, ParB, or both ParA and -B (Figures plete in late predivisional cells, ParB is localized at both poles of the cell. Therefore the spatial distribution of 6E, 6H, and 6K). We then examined whether loss of localization of these proteins affected chromosome parParB is coupled to cell cycle events and approximates the movement of the newly replicated chromosomes.
titioning and cell division. Cells in which ParA expression was increased exhibited a cell division defect as seen with the fluorescent dye DAPI (20). In strains that expressed increased levels of ParA or ParB, there was a by the appearance of elongated cells in culture following the addition of xylose ( Figure 6D ) and exhibited mislocaldefect in chromosome partitioning; each culture produced approximately 5% anucleate cells (Figures 6F ization of ParB ( Figure 6E ). Most of these cells had ParB distributed throughout the cytoplasm with very few cells and 6I) versus less than 0.05% in wild-type cultures ( Figure 6C ). exhibiting discrete regions of localization. Increased expression of ParB resulted in a severe cell division defect
We next examined the effect of increasing the cellular levels of both ParA and ParB. In contrast to strains in which many of the cells were filamentous ( Figure 6G) . As with the ParA overexpressing strain, these cells exthat overexpressed ParA or ParB alone, the increased expression of both proteins had only a mild effect on cell hibited mislocalization of ParB ( Figure 6H ). Many of these cells had ParB localized to one pole as well as division ( Figure 6J) ; however, ParB was still mislocalized ( Figure 6K ). In addition to having ParB distributed ranlocalization to a variable number (ranging from 2 to 8) of regions scattered throughout the cell. These experidomly throughout the cell, a small fraction of predivisional cells contained ParB concentrated at the pole ments suggest that the cellular levels and possibly the proper spatial location of ParA and ParB may play a and the midcell within the same compartment ( Figure  6K ). These cells, although relatively normal in appearcrucial role in regulating cell division. To examine whether the loss of polarly localized ParB affects the ance, exhibited a severe defect in the proper partitioning of chromosomal DNA, generally containing approxipartitioning of chromosomal DNA, we stained nucleoids observed in both sporulating and vegetative cultures of B. subtilis (D. C.-H. Lin et al., submitted; P. Glaser et al., submitted). In C. crescentus, bipolar localization is shortly followed by the completion of cell division, whereupon the ParAB complex dissociates from the poles. We hypothesize that these events function to deliver the nascent chromosomes sequentially to opposite poles of the cell.
From these results, we make several general predictions regarding the role of ParA and ParB in DNA partitioning in bacterial cells. First, ParA and ParB are likely to be directly involved in directing the movement of chromosomal DNA toward the cell poles. This idea is supported by the fact that both parA and parB are essential genes in C. crescentus. In addition, the increased expression and resulting mislocalization of each of these gene products disrupt the movement of the chromo- checkpoint hypothesis is strengthened by the homology of ParA to the cell division regulator, MinD (DeBoer et al., 1991) . The predicted amino acid sequence of C. mately 10% anucleate cells in culture following the addicrescentus parA shares 22% identity with that of minD tion of xylose ( Figure 6L) . Thus it appears that the correct from E. coli. The Min system prevents septum formation cellular concentration of ParA and ParB is essential for near the cell poles but permits septum formation at the normal cell division and chromosome partitioning. We midcell site. Therefore, the Min system can discriminate hypothesize that mislocalization of these proteins as a the poles of the cell from the midcell. ParA may function consequence of increased levels of expression results analogously by "sensing" the departure of the chromoin the observed defects in both processes. This may be somes from the midcell and their arrival at the poles. attributable to the binding of the ParAB complex to an Both septum formation and partitioning are operationincorrect location in the cell, or it may indicate that the ally analogous: spatial information within the cell is used activity of the ParAB complex is modulated by other cell to regulate a cell cycle-related event. cycle events such as DNA replication or cell division.
Third, ParA and ParB are likely to contribute to both Increasing the amount of ParAB in the cell essentially the orientation and directionality of chromosome moveresults in uncoupling the processes of cell division and ment. Since ParB binds to DNA near the origin of replicachromosome partitioning, perhaps indicating that these tion, this critical region of the genome may be transiently proteins have a critical role in coordinating cell cycle tethered to the poles of the cell. This view is supported events.
by genetic experiments in B. subtilis which demonThe cell cycle-dependent spatial distribution of ParA strated that the smaller forespore compartment initially and ParB in C. crescentus is strikingly reminiscent of receives the same segment of newly replicated DNA proteins involved in eukaryotic mitosis. For example, which contains sequences adjacent to the origin of repliParB binds to DNA sequences adjacent to the origin cation (Wu and Errington, 1994; Wu et al., 1995; Sharpe of replication, suggesting that these sequences may and Errington, 1995, 1996) . Furthermore, recent experifunction in a centromere-like fashion. Cell cycle immuments have shown that the origin of replication in B. nolocalization experiments show that before the onset subtilis is localized at the poles of the cell (Webb et al., of DNA replication, ParB is distributed throughout the 1997). Mutations in spo0J result in random portions of cell. Following the progression of DNA replication, ParB, the genome entering the forespore compartment, sugpossibly complexed with ParA, localizes to one pole of gesting that spo0J plays a role in orienting the position of the predivisional cell ( Figure 7) . As replication and the nascent chromosomes during the partitioning process cell cycle continue, ParB localizes to the opposite pole.
( Sharpe and Errington, 1996) . Chromosome movement in bacteria is thought to be The bipolar localization of ParB (Spo0J) has also been extending 320 bp into the parA coding region was constructed and accomplished either through nonspecific binding of the integrated into the genome by homologous recombination. Cells nascent chromosomes to the growing cell envelope were synchronized as described previously (Evinger and Agabian, (Woldringh and Nanninga, 1985; Begg and Donachie, 1977) . Isolated swarmer cells were resuspended in M2 medium and 1991) or to a locomotor protein such as MukB (Hiraga permitted to progress through the cell cycle. At various time points, Niki et al., 1991 Niki et al., , 1992 . These models do not an aliquot was removed and the proteins were labeled with 35 S-trans label (ICN); ␤-galactosidase was immunoprecipitated as described adequately take into account the issue of directionality previously (Gomes and Shapiro, 1984) . For cell cycle immuonblots, during chromosome movement. How are the newly repliisolated swarmer cells were resuspended in PYE medium (Poincated chromosomes oriented so that they move to opdexter, 1964 ) and permitted to progress through the cell cycle. At posite poles of the cell? We propose that ParA and various time points, 1.0 ml samples were removed and the cells ParB may play a critical role in this process by initially were centrifuged and suspended in 0.1 ml SDS-PAGE sample buffer; 50 ml was subjected to electrophoresis. Following electrophoresis, selecting a single pole to which one chromosome is the separated proteins were subjected to immunoblot as described tethered, thereby providing directionality for the move- (Towbin et al., 1979) . ment of the other newly replicated chromosome to the opposite pole of the cell. Based on these observations,
Immunofluorescence Microscopy
we speculate that ParA and ParB function as one comImmunofluorescence microscopy was performed essentially as described (Maddock and Shapiro, 1993) . Synchronized cultures grown ponent in the bacterial equivalent of a mitotic apparatus.
in PYE were fixed with 0.1% glutaraldehyde, 3% formaldehyde in 20 mM sodium phosphate (pH 7.0) for 30 min at 0ЊC; they were Experimental Procedures washed three times with buffer containing 140 mM NaCl, 3 mM KCl, 8 mM Na2HPO4, 1.5 mM KH2PO4 and 0.05% Tween-20 (PBST) and Isolation of the C. crescentus Homologs of parA and parB resuspended in buffer containing 50 mM glucose, 10 mM EDTA, 20 C. crescentus parA was cloned using polymerase chain reaction mM Tris-HCl (pH 7.5) and 3 mg/ml lysozyme. Twenty milliliters of (PCR). The primers corresponded to DNA encoding amino acid resithis suspension was placed onto polylysine-treated slides for 1 hr; dues 10 to 17 (KGGVGKTT) and 123 to 129 (IDCPPSL). These regions slides were rinsed with distilled water and immediately placed into are conserved in both B. subtilis (Mysliwiec et al., 1991) and Ps.
cold methanol for 5 min and cold acetone for 30 s, allowed to dry, putida homologs (Ogasawara and Yoshokawa, 1992) . The PCR conrinsed with distilled water, and allowed to dry again. Samples were ditions were 35 cycles of 95ЊC for 1 min, 50ЊC for 2 min and 72ЊC blocked for 20 min in PBST containing 2% bovine serum albumin for 3 min. The 357 bp PCR product was subcloned into M13 and and then incubated with antibody in PBST. Secondary antibody was sequenced. This product was used as a probe to screen a partial goat anti-rabbit IgG conjugated to either fluorescein or biotin. In HindIII library of C. crescentus DNA in Bluescript KS (Stratagene) the case of biotin-conjugated secondary antibody, antigen-antibody as well as a cosmid bank. parA and parB DNA was sequenced on complexes were then incubated with streptavidin-conjugated Texas both strands using dideoxy termination (Sanger et al., 1977) . In order red. In some cases the cells were also stained with propidium iodide to map their genomic location parAB coding DNA was hybridized
(1 g/ml), which stains cell membranes in addition to DNA in C. to a Southern blot of a pulse-field gel (CHEF gel apparatus, Biocrescentus. Digital images were acquired with an Optronics cooled Rad). parAB hybridized to a 330 kb SpeI fragment, an 83 kb AseI CCD camera and captured with Adobe Photoshop. fragment, and a 305 kb DraI fragment, placing it adjacent to the To epitope tag ParA, a BamHI restriction site was introduced origin of replication (Ely and Gerardot, 1988; Dingwall and Shapiro, adjacent to amino acid 291 by PCR. The PCR product was cloned 1989; Marczynski and Shapiro, 1992) . The parA and parB DNA seinto pJM21 (Alley et al., 1993; Wingrove and Gober, 1996) creating quence is deposited in GenBank (accession number U87804). Sea M2 epitope protein fusion at the carboxyl terminus of ParA. The quence comparisons were made using the BLAST algorithm parA-M2 fusion was introduced into C. crescentus by conjugation. (Altschul et al., 1990) .
ParA-M2 immunofluorescence experiments were performed with monoclonal anti-FLAG (Kodak) antibody as described above except Purification of ParA and ParB in this case goat anti-mouse antibody conjugated to fluorescein In order to overexpress ParB for purification, a BamHI restriction was used as a secondary antibody. As a control, immunofluoressite was introduced adjacent to the ATG start codon by PCR. The cence was also performed on cells expressing a gyrB-lacZ transcripresulting PCR fragment was cloned into the E. coli expression vector tional fusion. ptrcHisA (Invitrogen) creating an in-frame protein fusion. Expression Cells were stained with 4,6-diamidino-2-phenylindole (DAPI) in of his-ParB was induced by the addition of 1 mM IPTG to a 0.5 l order to visualize chromosomal DNA. Cell suspensions were treated mid-log phase culture. The induced culture was harvested after 180 as described for immunofluorescence except the fixation time was min at 37ЊC. Cells were resuspended in 20 mM Tris (pH 7.5), 0.5 M extended to 45 min. Slides were covered with 4 l of a solution NaCl, 5 mM imidazole, 100 M PMSF, and the cells were lysed with containing 50% glycerol and 1 g/ml DAPI. DNA was visualized with a French pressure cell. The resulting extract was centrifuged at combined phase contrast and fluorescence microscopy in order to 18,000 ϫ g for 30 min at 4ЊC. The supernatant was loaded onto a visualize individual chromosomes ). 3 ml nickel-sepharose column and washed with 10 column volumes of 20 mM Tris (pH 7.5), 0.5 M NaCl, and 50 mM imidazole. His-ParB Acknowledgments was eluted in a single step with 20 mM Tris (pH 7.5), 0.5 M NaCl, and 500 mM imidazole and dialyzed against 20 mM HEPES (pH 7.6),
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